Vaccines and immunization programs can play a key role in addressing the growing challenge of antimicrobial resistance (AMR). Amongst the high priority vaccines in development are several AMR pathogens, including: Clostridium difficile, Staphylococcus aureus, Streptococcus pneumoniae, Mycobacterium tuberculosis and Neisseria gonorrhoeae. There is evidence that vaccination can reduce the prevalence of AMR microbes, as demonstrated by both pneumococcal and Haemophilus influenza b vaccines. Research continues on many vaccine-preventable diseases, many of these AMR pathogens, including HIV and universal influenza vaccines. Not only do vaccines prevent infections, they can also prevent secondary opportunistic infections from AMR microbes-for example, bacterial pneumonia following influenza infections. The reduced need to treat these opportunistic infections would also mitigate the advance of AMR microbes in our communities. However, vaccines are not a panacea. One downside to the use of vaccines to address AMR is vaccine hesitancy, which undermines efforts to achieve herd immunity, but this is being increasingly addressed by public health education campaigns.
Introduction
Is the 21st century going to be remembered as the beginning of the post-antibiotic era? With each passing year, our list of effective antimicrobials is slowly shrinking, as more microbes become resistant in both the human and animal settings. At the same time, fewer antimicrobials are being brought to the market. Microbes by their nature continually adapt to survive the antimicrobial treatments we use to combat them, resulting in an ever increasing level of antimicrobial resistance (AMR).
The rate of methicillin-resistant Staphylococcus aureus (MRSA) infections among hospitalized patients in Canada increased nine-fold from 1995 to 2009 (0.4 -3.8 per 10,000 patient days) (1) (2) (3) . With concerted efforts, rates have been slowly decreasing but in 2014 they were still reported at 2.8 per 10,000 patient days (2) . In 2012, 33% of MRSA infections identified in hospitalized patients were acquired in the community, compared to 17% in 1995 (3). In northern Canadian communities, community-associated MRSA infection rates have been higher than anywhere else in North America (4).
Each year in Canada, more than 18,000 hospitalized patients acquire infections that are resistant to antimicrobials. The incidence rates, though relatively low for vancomycin-resistant Enterococci (VRE) infections in Canada, have slightly increased from 2009 to 2013 (0.31 and 0.52 per 10,000 patient days, respectively) (2). Deaths directly and indirectly related to Clostridium difficile infection (attributable mortality) alone increased three-fold from 1.5% to 5.7% between 1997 and 2005, respectively (5-7); recent efforts have kept this relatively stable from 2011-2014 (2).
The prevalence of microbes with resistance to more than one antimicrobial compound and our general lack of new antimicrobial compounds have heightened the concern on how to manage AMR in the future. As an immediate response, we urgently have to look for new antimicrobials, but also consider other control measures, like the use of vaccination to develop herd immunity against the microbes that have developed AMR.
The purpose of this article is to highlight the role that vaccines and immunization programs could play in the battle against AMR pathogens.
The case for vaccines
Vaccines are undoubtedly one of the best investments in health. Immunization programs have contributed enormously to reducing the burden of infectious diseases, and are responsible for much of the falling rates of morbidity and mortality worldwide. In December 2010, global health leaders committed to making the next 10 years the Decade of Vaccines-to ensure discovery, development and delivery of lifesaving vaccines globally, especially to the poorest countries. Innovative vaccine approaches are under development and being prioritized to include some of the most significant threats posed by AMR, through the development of a Canadian Action Plan on Vaccine Research, Innovation and Development, the Global Vaccine Action Plan (8) , and many other international efforts (9) to reduce the impact of vaccine-preventable diseases. Amongst the high priority vaccines in the research and development pipelines are several AMR pathogens, including: Clostridium difficile, Staphylococcus aureus, Streptococcus pneumoniae, Mycobacterium tuberculosis, Neisseria gonorrhoeae, HIV, and influenza.
Examples of success
There is evidence that vaccination can reduce the prevalence of AMR microbes. In South Africa, a 7-valent pneumococcal conjugate vaccine (PCV7) was introduced in 2009 and replaced with a 13-valent vaccine (PCV13) in 2011. In 2012, it was estimated that 81% of 12-month-old children had received three doses of the vaccine. Prior to vaccination, 83% of multidrug-resistant pneumococcal disease isolates were serotypes contained in PCV7. From 2009 to 2012, amongst children younger than 2 years of age, the rate of invasive pneumococcal disease caused by penicillin-resistant isolates declined by 82%, ceftriaxone-resistant isolates by 85%, and multidrug-resistant variants by 84% (10) . The pneumococcal vaccine programs in children have had an additional impact on the capsular types infecting adults, thus a broader range of impact than just the targeted age group.
Before the Hib vaccine was developed, up to 30% of Haemophilus influenzae type b (Hib) bacteria, which used to be a common cause of meningitis in young children, had become resistant to amoxicillin, a commonly used antibiotic. Since the introduction of Hib vaccines, the number of Haemophilus influenza type b infections caused by drug-sensitive and drug-resistant bacteria has decreased by more than 96% in infants and children.
Vaccines not only help to prevent a targeted infection, they may prevent associated opportunistic infections as well. The effect of immunization on the morbidity and mortality associated with opportunistic infectionsmany of these AMR microbes-has a considerable impact on public health, for example, the prevention of bacterial pneumonia following influenza infections. The reduced need to treat for these opportunistic infections also has a direct impact on the further development of multidrug resistant AMR microbes and increased incidence of AMR microbes in our communities.
New and better vaccines
A safe and effective prophylactic or therapeutic HIV vaccine could dramatically change the lives of those susceptible to this virus and alleviate the economic burden associated with HIV infections worldwide. Microbes by their nature are very adaptable to survival challenges, whether that be avoiding the host's immunological responses or evolving rapid resistance to antimicrobials. The history of HIV and the development of drug resistance to successive iterations of new drugs are legendary. However, the use of drug cocktails and tailoring treatment regimens to individuals have helped increase the lifespan of those infected from the bleak days of the 1980s to today. That being said, daily drug treatment is a demanding regime and not without adverse drug effects. Non-adherence to this regime can lead to the development of drug resistance. The pursuit of a safe and effective HIV vaccine has now been explored by many excellent research groups for close to 30 years, but as yet no highly effective vaccine exists. Hence, for some infectious diseases, vaccines may not be the most effective strategy in the short term and should not be seen as the sole response to AMR development.
Until a universal influenza vaccine is developed, every year we have to prepare for a new influenza season, with a new combination of influenza A and B vaccines. Not only is genetic drift and shift an ever-looming problem, but resistance to the antivirals used to treat influenza infections can develop. Fortunately, most influenza A and B virus strains are susceptible to the neuraminidase inhibitor antiviral medications, oseltamivir, zanamivir and peramivir (11, 12) . However, sporadic oseltamivir-resistant 2009 H1N1 virus infections have been identified, including with rare episodes of limited transmission (13) (14) (15) (16) (17) , but the public health impact has been limited to date. During the 2013−2014 season, 98.2% of the 2009 H1N1 viruses tested for surveillance were susceptible to oseltamivir, and 100% of the 2009 H1N1 viruses tested were susceptible to zanamivir. Additional sporadic cases of oseltamivir-resistant 2009 H1N1 virus infection can be expected, and ongoing surveillance for oseltamivir resistance among influenza viruses is essential for public health since oseltamivir is the most widely used antiviral medication. Though combination therapy approaches can be used, new antivirals and other approaches to combating influenza are needed. The seasonal and pandemic vaccine programs can prevent influenza virus infections, dramatically reducing the likelihood of developing antiviral resistance. However, the current vaccines have variable vaccine efficacy, as we are witnessing in the 2014−2015 influenza season in Canada, requiring much more research and development to enhance their effectiveness, especially in the very young and the elderly. The use of higher vaccine doses and the addition of new adjuvants to existing vaccines may increase vaccine efficacy, but the "Holy Grail" would be the development of universal influenza vaccines which would protect against influenza in the face of virus drift and possibly even virus shifts that occur over time. These are being explored by several companies and research groups at this time, but this virus remains a global public health challenge.
Challenges
Ironically, in the very countries that have benefited the most from national immunization programs, there has been a loss of public confidence in vaccines by a small minority of people. Personal decision making related to vaccine acceptance is not driven by scientific nor economic arguments, but by a mix of psychological, sociocultural and political factors, all of which need to be understood and taken into account by policy and other decision makers. Public trust in vaccines is very complex and building trust depends on understanding vaccine perception and vaccine risks, historical experiences, religious or political affiliations, and socioeconomic status. Although providing accurate, scientifically based evidence on the risk-benefit ratios of vaccines is important, it is not enough to address the growing gap between current levels of public confidence in vaccines and levels of trust needed to ensure adequate and sustained vaccine coverage and long-lasting herd immunity. The recent measles outbreaks in North America and Europe in many whom have not been vaccinated by choice has highlighted the vaccine hesitancy issue. Further research into all aspects of vaccine hesitancy will help inform decision making on immunization and its importance in the fight against infectious diseases, including AMR microbes.
Conclusion
Vaccines have been one of the best public health tools in our fight against the impact of infectious diseases worldwide. Vaccines have played a paramount role in the eradication of smallpox and in bringing polio and measles close to elimination. Could vaccines show a similar global public health impact on AMR microbes? Government, industry, academia and non-governmental organizations worldwide are engaging more and more in the battle against AMR microbes. Though the pursuit of new effective antibiotics is crucial in this fight, other treatment and preventive approaches are needed to prevent the spread of AMR microbes. Development of new and improved vaccines may be crucial in our fight against AMR microbes and for maintaining and enhancing public health worldwide. However, vaccines can only be effective if the populations they are designed to protect agree to be vaccinated in the numbers required to induce herd immunity. Addressing the issue of vaccine hesitancy, through active education campaigns and other approaches, is crucial in the ongoing fight against all vaccine-preventable diseases including those that have developed resistance to our antimicrobial armada.
